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A. TRANSLATION OF DIVERS' SPEECH USING DIGITAL
FREQUENCY WARPING
1. Introduction
The objective of this study is to investigate the possibility of applying the technique
of spectral warping to correct divers' speech. The technique of spectral warping
is discussed in greater detail elsewhere. ' 2 Consequently only those results that
are pertinent to this study will be mentioned here. The term "divers' speech" is
used specifically to mean the speech produced by divers breathing helium-rich gas
mixtures at ambient pressures higher than atmospheric pressure. It is well known
that divers' speech is usually highly unintelligible. Preliminary results indicate that
the technique of spectral warping may be applicable to improve the intelligibility of
such speech.
2. Theory
The technique of spectral warping is based on the transformation of a sequence
(sampled time function) to a new sequence so that the Discrete Fourier Transform
(DFT) of the new sequence is equal to unequally spaced samples of the z-transform
of the original sequence around the unit circle. This transformation corresponds
to expansion of the original sequence in terms of a set of linearly independent
sequences {(k(n)}. That is,
f(n) = E g(k) k(n), (1)
k= -oo
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where
f(n) ~ original sequence
g(k) ~ new sequence.
If we require this transformation to satisfy certain properties, then the DFT of f(n) and
g(n) can be related by a nonlinear transformation in frequency. If we denote by W and Q
the frequency variables of the original and new sequences, respectively, the relation
between w and 0 is given by 2(1-a ) sin 7
-1R = 6(w) = tan- 1 ( 2  (2a)
(1+a 2 ) cos w-2a
or equivalently
= () = s+ 2 tan 1  sinw (2b)
-a cos w
It can be shown that the inverse of Eq. 2a is given by
(1-a 2 ) sin 7
S= 0- () = tan 2 (3)
(+a ) cos 0+ 2a
which corresponds to replacing a with -a in (2a). The z -transform of k(n) is
1 _ k
k(Z) = -1 . (4)
1 - az
We shall assume henceforth that f(n) and g(k) are zero for n < 0 and k < 0, respec-
tively. From Eq. 4, the following relationship holds:
c00
Z n r(n) k(n) = k6rk. (5)
n= 0
From Eqs. 1, 4 and 5, the sequence g(k) can be found by
co
1
g(k) = k I n k(n) f(n) k = 1, 2, ...
n= 0
ng(0) = Z f(n) an. (6)
n=0
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In practice, g(k) can be obtained by passing f(-n) through a linear, shift-invariant
digital network as shown in Fig. IX-1, where g(k) = gk(0).
Note that the g(k) are coefficients of an infinite sum. In practice, however, the
f(-n) I (1-a2)Z-1 Z -a -1
I-a z
-
' I-a z- I -az-' I-ai
io(n) W(n) V2 (n) g3(n)
Fig. IX-1. Digital network used to implement spectral warping.
summation is truncated to obtain an approximation of the actual expansion. As we
have said, detailed treatment can be found elsewhere.1,
In the rest of this report, the symbols N, K, and a will be used to denote the
length of input sequence, output sequence, and the parameter of the digital network,
respectively. The parameter a is
assumed to be real and between -1 and
I +1 throughout this study.
This system has been implemented
Q . on the PDP-9 computer of the Speech
Communication Group. Figure IX-2
0 includes spectra of some speech before
and after being processed. In this2(a)
<( case the parameter a was so chosen
W that the original spectrum is scaled
> I downward in frequency.
_j
W 3. Divers' Speech Translation
Extensive studies of divers' speech
3-7have been made. It is known that
0 5
the ambient pressure and breathing
FREQUENCY (kHz) mixture tends to shift the vocal tract
(b) resonant frequencies of diver's speech
nonlinearly, the nonlinearity being
Fig. IX-2. Example of spectral warping on more severe at low frequency. At
a sample of speech: (a) original;
(b) warped spectrum with a = higher frequencies, the frequency
-1/2. translation is almost linear. Resonance
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Fig. IX-3. Spectrograms of speech: (a) before being processed; (b) after
being processed (with a = -5/16).
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bandwidths remain relatively unchanged which gives rise to an amplitude reduction
for higher formants. It is also known that the change in fundamental frequency due
to pressure and gas mixtures is not significant, if at all.
The basic properties of diver's speech seem to suggest that any attempt to cor-
rect such speech must be able to scale down the vocal-tract resonant frequencies
while retaining pitch information. In the present attempt, this end is achieved by
processing individual pitch periods separately through the spectral warping network
shown in Fig. IX-1, and then reconvolving with a train of impulses, which carries
the original pitch information, to obtain translated speech.
For the data used in this study, the composition of breathing mixture was
96% helium and 4% oxygen. The pressure depth was 800 ft, which corresponds roughly
to 25 times atmospheric pressure. Data were first sampled at 20 kHz and band-
limited to 10 kHz. Individual pitch periods were hand-marked. The start of each
period was arbitrarily defined to be the last zero crossing of waveform before the
maximum peak within each period. The D-A clock was set to 20 kHz. Figure IX-3
includes spectrograms of original and processed versions of the same sentence. In
comparing the two spectrograms, the nonlinear translation of formants is apparent.
In Fig. IX-3b the upper formants appear to have been shifted by an undesirable
amount. Also, in many places a considerable amount of spectral energy can be found
above 5 kHz. Although improvement of intelligibility is readily observable, Fig. IX-4
indicates that the present system does not agree favorably with Gerstman's equation.
fhe(kHZ)
2 4 6 8 107 I 10
- FREQUENCY DISTORTION
CURVES - 8
fhekf = 2 
2 ]ir 1/2
--- f [k fi0+f o
Fig. IX-4. Relations of frequency variables,
6 Eq. 3, for several values of a.
1O 3 1 2 Also included is the ideal equa-
-=0o 8 4 8 2 tion relating the frequency vari-
4 ables.7 For these data k =
2. 57 Hz and f = 361 Hz.
2
IT
2
-1
The question just raised can be answered by noting, in Fig. IX-4, that for Q >cos-1 a
spectral energy is accentuated, and for Q < cos- a it is attenuated. With a = -5/16,
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this critical frequency, i. e. , the frequency at which the curves in Fig. IX-4 have unity
slope, is approximately 4 kHz. This means that above 4 kHz spectral-energy under
formants are increased and the effect becomes more and more severe as frequency
increases.
fhe(kHz)
10IO5
2.5
8-1(w)
Fig. IX-5. Relations of frequency variables, Eq. 7, for several values of a.
This system is then modified as follows: The data are processed through the
spectral warping network as before, except that the processed pitch periods are now
convolved with an impulse train where the distance between impulses corresponds
to half the original pitch period, and the D-A converter clock rate is set to 10 kHz.
This can be shown to correspond to the following frequency variable transformation
-1S= 0 () = 2 + tan
(1-a ) sin 2
(l+a 2 ) cos 2 + 2a
In Fig. IX-5 Eq. 7 is compared with Gerstman's equation. The two sets of curves
agree much more favorably in this case.
Figure IX-6 shows spectrograms of synthetic helium speech before and after pro-
cessing. Figure IX-7 presents spectrograms of processed data for different values
of a. Subjective judgment by a panel of listeners indicates that intelligibility increases
greatly from original to a = 0 to a = -1/4.
This research does not attempt to correct all adverse effects of divers' speech.
The present study does indicate, however, that this procedure is feasible in improving
the intelligibility of such speech. At the present time, a 2. 5 sec sentence will take
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Spectrograms of some synthetic speech: (a) before being processed;
(b) after being processed through the second system (with a = -1/16).
(a)
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2
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Fig. IX-7. Spectrograms of speech after
second system: (a) a = 0; (b) a
is the same for Figs. IX-3 and
being processed through the
= -1/4. The speech material
IX-7.
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approximately 30 min to process. With special digital hardware it is anticipated
that the processing time can be reduced to within the same order of magnitude as
real time. The relative simplicity of implementation is one of the advantages of
this system.
Research in automatic pitch extraction and pitch smoothing is under way.
V. W. Zue
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B. DIRECTION OF LANGUAGE PROCESSING
In a recent study the sentence and nonsense -syllable repetition abilities of children
with and without language disorders has been compared.1 Medical and psychological
examinations of children with a language disorder gave no indication of why their
language was deviant. They showed no evidence of damage to the peripheral auditory
or vocal mechanisms; hearing thresholds were normal for both pure tones and speech,
and motor development was normal including activities of the tongue, lips, and jaw.
Neurological examinations when available revealed no obvious central nervous sys -
tem dysfunctions, and psychological tests indicated that measured intelligence was aver-
age or above average These children had been categorized as having a specific language
disorder because their language development alone was retarded. Since children with a
specific language disorder do not suffer from any obvious peripheral damage or from
any intellectual retardation, they give us an opportunity to study the organization
of central encoding and decoding in language processing in the following manner.
It is possible that we might be able to trace the connections between components
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of the grammar by observing the sequences of difficulties encountered by these children.
Using normal-speaking control subjects, we can also attempt to observe whether this
behavior is unique or if it represents some extreme instances of average behavior.
One question asked in the study was whether or not phonological processing takes
place with the same accuracy and in the same manner when processing is dependent
and when it is independent of semantic-syntactic processing. The accuracy and pat-
tern of recall of meaningful and meaningless phonological sequences was tested and
measured by asking both groups of children, deviant-speaking and normal-speaking,
to repeat phonological sequences that comprise words in sentences and nonsense
syllables in a sequence. The words appeared in sentences that were 3-5 words in
length and were either active-declarative, imperative, negative or question sentences.
Every American-English singleton consonant appeared at least once in initial, medial,
and final position in the words. The nonsense syllables were given for repetition
in a series of three and were of two types. The first type was repetition of the
same consonant in each of three syllables with the vowel altered, and the second
type was repetition of the same vowel (/a/) with the consonant altered. In the first
type of stimuli all of the consonants in American English were given for repetition
in initial, medial, and final position. As an example of the stimuli presented for
repetition, the following are the three triplets presented for the consonant /b/:
(i) /bi/, /ba/, /bu/; (ii) /abi/, /aba/, /abu/; (iii) /ib/, /ab/, /ub/. In the second
type of stimuli consonants in the triplet were varied according to place of articu-
lation (for example, /ba/, /da/, /ga/) and according to manner of articulation (/ba/,
/pa/, /ma/). Repetitions of words and nonsense syllables were recorded and then
transcribed and an analysis was made of consonantal errors. Some of the results
of that analysis are presented here.
The deviant-speaking children (hereafter referred to as the Experimental group)
made a significantly greater percentage of errors in repetition of consonants than
the normal-speaking children (hereafter referred to as the Control group) when
repeating both nonsense syllables and words. The children in the 'experimental group
made a significantly greater percentage of errors, however, when repeating type 1
nonsense syllables (varying in vowel) than when repeating words, and the children
in the control group exhibited a tendency to do the same. Meaningless and mean-
ingful phonological sequences appeared to be recalled differently by both groups of
children but this difference was significantly more marked in the experimental group.
Table IX-1 presents the percentage of errors made with consonants in the repetition
of type 1 nonsense syllables and words by both groups of children.
No significant differences were found in the percentage of consonantal errors made
as a function of the position of the consonant in the words by either group. A sig-
nificantly greater percentage of errors were made, however, with medial and final
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Table IX-i. Percentage of errors made with words and nonsense syllables
by both groups.
Words Nonsense Syllables
Experimental Control Experimental Control
o2 p 2 P
% Error X value %o Error %o Error X2 value %o Error
15% 5. 0 . 05 5% 43% 16. 1 .01 13%
Control Experimental
Nonsense Nonsense
Words Syllable s Words Syllables
2 P 2  P% Error X value % Error % Error X value % Error
5% 3. 56 .10 13%o 15% 13.52 .01 43%
consonants than with initial consonants in type 1 nonsense syllables by the children
in the experimental group. No significant differences in percentage of errors because
of consonant position in type 1 nonsense syllables were found in the control group.
The control group did, however, make a significantly greater percentage of errors
with syllable triplets that varied in initial consonant than they did with type 1 non-
sense syllables. This was not the case in the experimental group. The difference
in performance of the control group with type 1 and type 2 nonsense syllables is,
perhaps, due to the fact that they did not expect and were therefore unprepared for
a change in the system -that is, a change in consonants. Interestingly, this effect
was not observed in the experimental group. Both types of nonsense syllables were
treated, on the whole, as being equally difficult. The fact that position of consonant
plays a more important role in the repetition of nonsense syllables than words again
makes it appear that meaningful and meaningless sequences are processed differently
at least by the children in the experimental group. The percentage of errors attribu-
table to position and type of stimuli are presented in Table IX-2.
All of the results indicated that the children in the experimental group were
not as capable of analyzing phonological sequences in terms of segmental or syl-
labic phonological features as the children in the control group. Since a great
many of the errors made in repetition were substitution errors, one other aspect
of the performance of the two groups that was examined was the percentage of
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Table IX-2. Percentage of errors according to position in sequence
and type of nonsense triplet.
Nonsense Syllables Type 1 Words
Position Experimental Control Experimental Control
% Error % Error % Error % Error
Initial 26% 10% 14% 4%
Medial 46% 13% 20% 7%
Final 60% 15% 15% 5%
Nonsense Syllables Type 2
Type
Place 54% 47%
Manner 50% 43%
maintenance of original features in the repetition and substitution of consonantal seg-
ments in the words and two types of nonsense syllables. The results of this analysis for
words and type 1 nonsense syllables are presented in Fig. IX-8. The similarity in the
EXPERIMENTAL
NONSENSE
"k WORDS *---*
'S
\w .
-z Zz
Z <
<O Z 0D 0 -r
z z z0 0 0 0 z 0
0 u > o < U
FEATURES
CONTROL
'.- -~T'N\
- I I I I I I I I I
U
> FEATURES
FEATURES
Fig. IX-8. Percentage of feature maintenance.
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pattern of feature maintenance for both types of stimuli can be seen.
The percentage of errors in feature maintenance was markedly below the percentage
of errors in consonantal repetition, regardless of context. Furthermore, the rank order
correlations of feature maintenance between groups and between words and type 1 non-
sense syllables was very high. The rank order correlation of feature maintenance
between nonsense syllables of type 1 and type 2 syllables that varied in manner was not
so high. These results are given in Table IX-3.
These data indicate that despite the fact that the accuracy of recall of consonants
Table IX-3. Percentage of errors in feature maintenance and rank order
correlations of feature maintenance.
% Errors in Feature Maintenance
Words Nonsense Syllables
2 p 2 p
Experimental X value Control Experimental X value Control
10% 2. 77 .10 3% 22% 7.76 .01 7%
Control Experimental
2 p 
2  P
Words X value N.S. Words X value N.S.
3% .9 7% 10% 4. 50 .05 22%
Rank Order Correlations of Feature Maintenance
Group Correlation Spearman R. O.
Experimental N. S. and Words .82
Control N. S. and Words .82
Words Experimental and Control .86
N. S. Experimental and Control . 92
Experimental N. S. Type 1 and Manner Type 2 .50
Experimental N. S. Type 1 and Place Type 2 .86
Control N. S. Type 1 and Manner Type 2 . 66
Control N. S. Type 1 and Place Type 2 .83
N. S. = Nonsense Syllables.
R. O. = Rank Order.
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was depressed when the stimuli were meaningless and that this was especially the case
with language-disordered children, the same pattern of recall in terms of what
aspects were remembered could be observed with both nonsense syllables and words.
On the whole, features of original consonants best remembered in recalling words
were also best remembered in recalling nonsense syllables. Therefore, one might
speculate that descriptions of language processing that represent lexical categoriza-
tion as including semantic properties and phonological features, rather than seg-
mental or syllabic characterization of words, have some psychological reality.
Furthermore, one might speculate from these data that speech sound processing
takes place in much the same manner as lexical processing and can be independent
of it, but that, overall, accuracy of recall is affected by whether or not lexical
categorization can be employed.
One other aspect of these children's phonological processing was observed which
also indicates that the children in the experimental group tended to rely heavily on
the lexical categorization of sequences as words rather than as segments or syl-
lables to reproduce them. The children in the experimental group recalled final
consonants in words in a manner that depended on the syntactic role of these con-
sonants. If the consonants marked tense or plurality, they were usually omitted.
Nevertheless, if they were part of the word, they were usually repeated or sub-
stituted by another consonant. For example, the verb "makes" (3 r d person singular)
was most frequently repeated as "make," whereas the word "dress" was most fre-
quently repeated correctly or with /t/ substituted for the final /s/. The verb
"going" was most frequently repeated as "goin" or "go," whereas the word "nothing"
was most frequently repeated as "nutting" or "nudding." The plural nouns "leaves,"
"shoes," "toys" were frequently repeated with the final /z/ omitted, whereas the
word "nose" was most frequently repeated with the final strident unvoiced. The
final tense marker in the verbs "gazed," "named," "examined" was most frequently
omitted, whereas the final /d/ in "friend" was most frequently repeated correctly.
These differences in phonological recall occurred in addition to having many of the
so-called function words completely changed in repetition. Changes such as "he"
recalled as "him," "I" as "me," "his" as "him," "she" as "her," and so forth were
considered separately. The data are intriguing but very limited. Therefore, an
experiment has been planned in which many instances of this contrast between word
ending and syntactic marker will be given for repetition.
In summary, normal-speaking children tend to recall words more accurately
than nonsense syllables, even though the words appear in longer sequences than
the nonsense syllable triplets. Deviant-speaking children recall words and word
stems minus their grammatical markers significantly more accurately than non-
sense syllables in terms of number of segmental errors. Given these facts, it
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seems reasonable to suppose that the direction of processing is that phonological
sequences are identified first in terms of their lexical form (that is, in terms of
semantic properties and phonological features) before being analyzed in terms of
actual speech sound sequences - syllabic or segmental. This sequence of analysis
is probably true in the development of language, as well as in listening to and under-
standing sentences, since the normal-speaking children tend in this direction. But
there is some evidence that phonological sequences are processed in much the same
manner independent of their lexical categorization - that is, in terms of phonologi-
cal features.
Paula Menyuk
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C. THE ROLE OF FORMANT TRANSITIONS IN THE
VOICE -VOICELESS DISTINCTION FOR STOPS
The acoustic cues for the distinction between voiced and voiceless stop consonants
in initial position in English have been examined in detail through measurements
on spoken consonant-vowel syllables (Lisker and Abramson ), and through experi-
ments in which the acoustic parameters of synthetic stimuli are manipulated
(Liberman, Delattre, and Cooper 2). The data have suggested that the acoustic char-
acteristic providing the simplest and most direct indication of whether a stop con-
sonant is voiced or voiceless is the time from the release of the closure to the
onset of vocal-cord vibration, called the voice-onset time (VOT). If this time is
greater than ~40 ms, the consonant is voiceless; for smaller voice-onset times,
the consonant is voiced. The data from natural utterances show that the voice-onset
times for the two classes of consonants are clustered around 0-10 ms and about
50 ms or more, and intermediate voice-onset times are rarely found, especially
for stressed consonant-vowel syllables. [These numbers apply to labials and apicals;
they are somewhat greater for velars.] Furthermore, identification and discrimina-
tion judgments for synthetic stimuli indicate that there is a sharp perceptual bound-
ary between voiced and voiceless responses. Discrimination of pairs of stimuli
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within a given class is poor, while discrimination for stimuli near the phoneme bound-
ary is good (Liberman, Harris, Kinney, and Lane3).
Recent experiments on the discrimination of synthetic syllables by infants (Eimas
et al. 4 ) has drawn further attention to the importance of the voice-onset time as a
property that the auditory mechanism uses to categorize speech sounds into classes.
The Eimas experiments suggest that infants cannot discriminate changes in VOT
within a region that adults would classify as one phoneme, but can readily dis -
criminate changes of similar magnitude spanning a phoneme boundary.
A conclusion that one would tend to make from all of these findings is that the
auditory system is, as it were, "wired" to place a boundary at some fixed absolute
noise duration. Study of a variety of phonetic features indicates, however, that the
acoustic differences between minimal pairs of phonemes in a given phonetic environ-
ment appear to be characterized by distinctively different properties rather than by
differences in the magnitude of a given acoustic parameter that takes on a range of
values (Jakobson, Fant, and Halle5; Stevens6). As far as we know, there is no
evidence to suggest that a 40-ms noise duration preceding a vowel-like sound repre-
sents a natural perceptual boundary.
These considerations have prompted a further investigation of the acoustic properties
of voiced and voiceless stop consonants. Examples of spectrograms of the syllables /da/
I ,MW
100 ms
NATURAL /da/ NATURAL /ta/
Fig. IX-9. Spectrograms of the syllables /da/ and /ta/ as spoken
in isolation by an English talker.
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and /ta/ are shown in Fig. IX-9. The difference in VOT is clearly seen in the spec-
trograms. Another difference between the sounds, however, is that the voiced stop
has a well-defined transition in the first formant (as well as in the second formant)
after the onset of voicing, whereas the F l transition for the voiceless stop is essen-
tially nonexistent after the onset of voicing. The lack of formant transitions after
voicing onset for the aspirated consonants indicates that the rapid movements of the
supraglottal articulators (the tongue tip in the case of Fig. IX-9) are essentially
complete before the vocal cords are in a configuration where voicing begins. It is
known, in fact, that the duration of these transitions is of the order of 40 ms, based
both on synthesis experiments (Liberman, Delattre, Gerstman, and Cooper ), and
on cineradiographic data (Kent and Moll8 ). (The durations are slightly longer for
velars and shorter for labials.)
These examples suggest that one of the possible cues for the voiced-voiceless dis-
tinction for stops is in the presence or absence of a significant and rapid spectrum
change at the onset of voicing. According to this hypothesis, absence of such a spec-
trum change would be a requirement for perception of a well-formed voiceless stop. It
is known, of course, that a rapid spectrum change always occurs at the release of a
(nonglottal) stop consonant. We are suggesting here that, in the case of a voiceless
stop consonant, another rapid spectrum change at the onset of voicing is a negative
cue for voicelessness.
In order to test this hypothesis, we have generated a series of synthetic consonant-
vowel stimuli in which voice-onset time and transition durations were manipulated inde-
pendently, and we have obtained listener responses to these stimuli. The stimuli were
produced on a digital terminal-analog speech synthesizer. The synthesizer com-
prises sources for frication, aspiration and voicing, 5 digital resonators connected
in cascade to simulate the vocal-tract transfer function for vowels (Gold and Rabiner),
another set of digital resonators for the fricative transfer function, and a radiation
characteristic. The synthesizer produces 5-kHz bandwidth speech.
Sixteen stimuli similar to either /ta/ or /da/ were produced by selecting a num-
ber of combinations of voice-onset time (VOT) and rate of formant motion. Each
stimulus was a brief 5-ms burst of frication, a variable interval of aspiration, and
then voicing for the remainder of the utterance, as shown in Fig. IX-10 (Upper
trace). Formant frequencies follow a time course shown in Fig. IX-10 (Lower
trace). Formant bandwidths were set to constant values of 50, 80, 120, 180,
300 Hz for the first through fifth formants, respectively.
Four formant trajectories are defined in Fig. IX-10, corresponding to moder-
ate (a) through rapid (d) consonant-vowel transition times. Four values of voice-
onset time were selected for each trajectory. All transition times are within
the range that yields a reasonable /da/ stimulus for the shortest VOT's. Preliminary
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Fig. IX-10. A synthetic utterance consists in a frication burst, a variable
interval of aspiration, followed by onset of voicing, as shown
in part (i). The two lowest formant frequencies follow one of
four possible trajectories that are labeled (a) through (d) in
part (ii) of the figure.
tests were performed in order to place the /d-t/ phoneme boundary within the range
of voice-onset times for each trajectory. VOT values are given in Table IX-4 for
all stimuli. Spectrograms of an acceptable synthetic /ta/ (stimulus #4), an accept-
able /da/ (stimulus #5) are shown in Fig. IX-11. There are significant formant
transitions for the synthetic /da/, whereas the transitions are essentially completed
for /ta/ (although a small residual transition remains in this case).
The values of other synthesis parameters as a function of time have an impor-
tant influence on the outcome of the experiment, so the synthesis strategy will be
described in some detail. Control parameters were updated at discrete 5 ms inter-
vals. The fundamental frequency was held fixed a 130 Hz from voicing onset to
80 ms and fell linearly to 100 Hz from 80 ms to 350 ms. The first voicing pulse
in an utterance occurred precisely at the onset of voicing.
The frication burst spectrum was produced by exciting a single resonator set
to the formant frequency and bandwidth values of the 5th formant, as is to be
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Table IX-4. The 16 stimuli are defined in terms of the formant
transition types shown in Fig. IX- 11 and the voice-
onset time with respect to frication burst onset.
Formant
Transition
Type
a
a
a
a
b
b
b
b
c
c
c
c
d
d
d
d
Voice
Onset
Time (VOT)
25
35
45
55
15
25
35
45
15
25
35
45
15
25
35
45
10
expected from analysis of natural speech (Stevens ). Frication source amplitude
thwas set to produce a 5th-formant level in the burst approximately 6 dB greater thanthe 5th -formant level during the following steady vowel.
The amplitude control for the aspiration source was set to a constant level during
the aspiration interval and was off otherwise. The amplitude was set so that the
excitation in the region of F3 and F4 remained at the same level in going from
aspiration to voicing (Stevens 11); i.e. , there was no discontinuity in level in this
frequency region in passing from noise to buzz excitation. There is a slight dif-
ference between the level of normal aspiration and the synthetic aspiration at aspira-
tion onset, as can be seen by comparing the /ta/ examples of Figs. IX-9 and IX-11
because the first formant always began at 250 Hz in the synthesis, whereas the open
glottis condition applying to normal aspiration production results in a higher Fl with
a concomitant higher level of aspiration.
The amplitude of voicing was set to a constant level during the voicing interval
and was off otherwise. Again this produced a slight difference between normal
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I
looms
SYNTHETIC /da/ SYNTHETIC /ta/
Fig. IX-11. Spectrograms of two of the synthetic utterances. Stimulus
#5 was unanimously identified as /da/ and stimulus #4 was
unanimously identified as /ta/ by the listeners.
voicing onset and synthetic onset, as can be seen by comparing the /ta/ examples
of Figs. IX-9 and IX-11 because the first few periods of voicing in a voiceless-
voiced transition of natural speech are not as intense as in a steady-state vowel
(even though the first formant has already attained a high value before voicing onset
in /ta/).
Tape recordings of some replications of these 16 stimuli in random order were
prepared, and were presented over monaural headphones to 5 listeners, who were
asked to identify each stimulus as /da/ or /ta/. Each listener made 12 responses
to each of the stimuli. Results for two of the listeners are shown in Fig. IX-12.
These data represent, in a sense, two extremes of performance of the listeners.
For one listener (AWFH), the boundary between /da/ and /ta/ responses occurred
when the onset of voicing was at a fixed time relative to completion of the transi-
tions, independent of the time of release of the consonant. In the case of the other
listener (VZ), there was a range of voice-onset times relative to the completion
of the formant transition. The voice-onset time relative to the consonantal release
can be obtained by adding 65 ms to the abscissa for stimulus type (a), 55 ms for
(b), 45 ms for (c), and 35 ms for (d). Thus for listener VZ, the absolute voice-onset
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Fig. IX-12. Identification data for two subjects. The number of /da/
responses is plotted as a function of time of onset of
voicing, where zero on the scale corresponds to the com-
pletion of the formant transition shown in Fig. IX-10. A
family of 4 curves is drawn to indicate how the responses
change as a function of rate of formant motion.
times at the 50% points are 39, 35, 32, and 33 ms, respectively.
For all listeners there was a tendency for the absolute voice-onset times to be
longer for the stimuli with slower transitions, and there appeared to be a minimum VOT
that was acceptable as /t/ (~32 ms in the case of VZ).
Average data for the 5 listeners are shown in Fig. IX-13. Each point represents
the average VOT at the 50% response point for the five listeners. For this figure, the
abscissa is the voice-onset time relative to the consonantal release. The horizontal
line indicates a constant voice-onset time; the data points would lie along this line if
the absolute VOT provided the only cue for the voiced-voiceless distinction. The line
sloping up to the left represents the locus of constant duration of the transition from
voicing onset to termination of the transition. Data points would lie along a line with
this slope if the cue for the voiced -voiceless distinction were the presence or absence
of substantial formant transitions after voicing onset. The line in Fig. IX-13 is drawn,
in fact, for a time of voicing onset of 23 ms, as indicated by the arrow in the inset. The
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amount of spectrum change occurring as a result of the rising transition of the first for-
mant during this interval is relatively small compared with the spectrum change
resulting from the entire transition from 250-750 Hz. The average rise in intensity of
the higher formants due to the F 1 transition is about 5 dB in the former case and approx-
12 13
imately 20 dB in the latter (Fant ; Stevens and House ).
50
Fig. IX-13.
40 The identification data of 5 subjects is summarized byplotting the average VOT at the phoneme boundary for
Eeach rate of formant motion. The VOT in this case is
the time from consonantal release to onset of voicing.
S30 The letters on the abscissa are identified with different
S\ rates of transition, as indicated in the inset. A hori-
H- zontal line could be fitted to the data if the phoneme
20 boundaries were based on the delay of voicing with
o respect to plosive release. A sloping line could be
"U fitted to the data if the phoneme boundaries were based
6 10 20ms on the presence or absence of a detectable formant
transition (or of a fixed duration of residual transition)
a bcd during the initial portion of the voicing. The sloping
0 line corresponds to a time of voicing onset indicated
a b c d by the arrow in the inset.
FORMANT TRANSITION RATE
The data points of Fig. IX-13 show that subjects require a VOT in excess of 25 ms,
on the average, if the stimulus is to be accepted as a /t/, even if there is a negligible
F 1 transition after onset of voicing. On the other hand, for longer F 1 transitions a
longer VOT is necessary is a /t/ response is to be obtained. As Fig. IX-12 has indi-
cated, subjects differ somewhat in the degree to which they rely on the lack of an
F transition as a cue for /t/.
In order to examine further the role of the F l transitions following voicing onset as
a negative cue for voicelessness, stimuli with a number of different VOT's were syn-
thesized, with and without a rising F1 transition after onset of voicing. Subjects were
asked to identify the initial consonants as /t/ or /d/ and to rate the adequacy of the
consonants on a four-point scale. Stimuli with long VOT's (40 ms or more) were usually
identified as /t/, but if there was an F 1 transition, these stimuli received a low
rating.
It can be concluded, therefore, that for adult listeners both the VOT and the degree
of Fl transition are cues for the voiced-voiceless distinction for stop consonants in
English. These stop consonants are all characterized by a rapid spectrum change in
the initial 20 -40 ms following the release. Events in this brief time interval provide
cues for place of articulation (Stevens ). The interval is entirely voiceless for an
aspirated stop in English and, for the most part, is voiced for an unaspirated stop.
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The findings of this experiment are consistent with the data of Liberman, Delattre,
2
and Cooper, who examined the responses of listeners to a series of consonant -vowel
stimuli that differed only in the amount of cutback of the first formant relative to
the onset time. In other words, the stimuli were produced by starting with a sound like
that of /da/ in Fig. IX-10, and by "blanking out" the initial part of the F l transition in
varying amounts. Their data show that the stimuli with larger F 1 cutback were iden-
tified as beginning with /t/. The boundary between /d/ and /t/ responses occurred
when the cutback was at a point where most of the F 1 transition was completed.
The results of the present experiments, as well as those of Liberman, Delattre, and
Cooper, suggest a way of interpreting the results of Eimas et al. 4 on the response
of infants to the t-d distinction. The auditory system provides one kind of response
when there is a significant transition in F after onset of voicing, thereby creating a
rapid spectrum change or transient, and another kind of response when there is no such
transient. Stimuli that differ in this property yield different responses; if both members
of a pair of stimuli have either one property or the other, they are identified as being
the same. It may well be that this transient provides the primary cue for the infant with
little previous exposure to speech. At a later age when he learns to use the voiced-
voiceless distinction, he finds that other cues, such as absolute duration of VOT,
accompany this primary cue, and he may give some weight to these subsidiary
cues.
K. N. Stevens, D. H. Klatt
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D. A NOTE ON LARYNGEAL FEATURES
In this report we investigate the mechanisms that underlie various phonetic features
such as voicing, aspiration, and glottalization, which for want of a better term we
may designate by the adjective "laryngeal." Our purpose here is to give wider cur-
rency to certain results of recent acoustic investigations (Stevens1,2 and Kim 3 ) and
and to support modifications in the universal phonetic feature framework which seem
to us to be indicated by these new results.
1. Review of Acoustical and Mechanical Aspects of Vocal-Cord Operation
The acoustical analysis is based on a model that represents each vocal cord as
a mass that can change in shape and which forms a flexible wall for the glottal
opening, as shown by the lateral section through the glottis in Fig. IX-14. When a
subglottal pressure P is applied, the glottis assumes a configuration that may
resemble that shown in Fig. IX-14, with an average static opening w s between the
vocal cords. The pressure P in the glottis, which arises from the glottal airflowg
and from the pressures Psup and Psub above and below the glottis, causes an out-
ward force on the vocal cords that in the static situation is exactly balanced by
the restoring force, because of the stiffness of the cords.
P Fig. IX-14. Lateral section through glottis for a
sup typical vocal-cord configuration. P g
a .b represents the average pressure in the
P " glottis, Psub is the subglottal pressure,
C d AP and Psup is the supraglottal pressure.
w P is zero and AP = P in the case
P of a nonobstruent. The upper edges ofsub the vocal cords are identified by points
ab, and the lower edges by cd. The
average glottal width is w .
s
Under certain conditions of stiffness of the glottal walls, the static opening w s,
and the pressure AP across the glottis, the system is unstable, and in-and-out
vibration of the vocal cords occurs. In general, the oscillations are not in phase
across the thickness of the glottis: the outward and inward displacement of the lower
edges (at points c, d in Fig. IX-14) occur slightly ahead of the oscillatory displace-
ment of the upper edges (at points a,b). In fact, analysis shows (Ishizaka and
Matsudaira 4 ) that this out-of-phase vibration of the upper and lower margins of the
vocal cords is the mechanism primarily responsible for the transfer of energy from
the steady glottal airflow to the vibrating vocal cords in the mode of vibration
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normally used in speech. This energy transfer is essential for the maintenance of
oscillation.
The various acoustic effects that occur as a result of larynx manipulations are:
(i) no vocal-cord vibration, negligible airflow, and hence little or no generation of
turbulence noise at the glottis; (ii) no vocal-cord vibration, appreciable airflow and
turbulence noise generation at the glottis; and (iii) vocal-cord vibration, which may
or may not be accompanied by turbulence noise generation. When vocal-cord vibra-
tion occurs, the frequency of vibration and the waveform of the airflow pulse that
passes through the glottis for each vibratory cycle can be changed through appro-
priate muscular adjustments. The first question that we seek to answer in our anal-
ysis of vocal-cord operation is, What are the ways in which the configuration of the
vocal cords can be manipulated by the laryngeal musculature in order to produce
distinctive acoustic end products that are potentially useful for the formation of pho-
netic categories ?
The principal manipulations of the musculature that are available to produce these
acoustic effects are: (i) adduction or abduction of the vocal cords by appropriately
positioning the arytenoid cartilages, thereby changing the static glottal opening w5
in Fig. IX-14; and (ii) stiffening or slackening of the vocal cords through adjust-
ments of the thyroarytenoid and cricothyroid muscles, thereby changing the flexi-
bility of the glottal walls. Theoretical analysis shows that stiffening of the vocal
cords tends to raise the frequency of vibration, whereas slackening lowers the fre-
quency. Slackening or stiffening of the vocal cords also has an influence on whether
or not there is vocal-cord vibration. With slack vocal cords, there is a relatively
wide range of values of glottal opening over which glottal vibration occurs, and the
pressure across the glottis can be quite small. When the vocal cords are stiff, the
range of glottal widths over which vibration occurs is greatly reduced, and a larger
pressure across the glottis is required.
Figure IX-15 illustrates the regions of vocal-cord configurations and pressure
drops over which glottal vibration can occur. For the most part, the curves in this
figure are derived from a theoretical analysis of the vocal cords, based on a repre-
sentation of each vocal cord as two masses corresponding roughly to the upper
edges a (or b) and to the lower edges c (or d), respectively, in Fig. IX-14. These
masses in the model are coupled together by a "spring" whose stiffness is deter-
mined by the stiffness or slackness of the tissues that form the glottal walls. On
the abscissa is plotted the glottal opening w s that is obtained if the vocal cords
were to assume a static position without beginning to oscillate. If oscillations do
occur, this value of w can be interpreted as the initial glottal opening that is the
s
starting point for the build-up of oscillations. This glottal width w s may be slightly
different from the static opening that would occur if no subglottal pressure were
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applied and hence if there were no airflow. The ordinate in Fig. IX-15 is the pres-
sure AP across the glottis. In the case of nonobstruent vocal-tract configurations,
AP is simply the subglottal pressure Psub; for obstruent consonants, AP is the dif-
ference between Psub and the supraglottal pressure P sup Under most circum-
stances, the maximum value of AP is P sub' corresponding to zero supraglottal
pressure (although there is the possibility of producing a negative Psup during
implosive stop consonants).
1.0
Psub 0.5
Psub 0.5
1.0 2.0
WIDTH OF GLOTTAL OPENING Ws (mm)
Fig. IX-15. Sketch showing approximate ranges of conditions under which
vocal-cord vibration occurs. AP is the pressure across the
glottis, Psub is the subglottal pressure, and ws is the static
width that would be assumed by the glottis if there were no
vibrations. If the values of AP and ws give rise to a point above
the curve labeled "slack," then vocal-cord vibration is initiated
when the vocal-cord stiffness is small. Likewise the curve la-
beled "stiff" represents the boundary of vocal-cord oscillation
for relatively stiff vocal cords. Below these lines, the vocal
cords remain in a static position with no oscillations. Points
A, B, and C represent glottal widths that lie within regions of
"normal" glottal vibration, spread glottis and constricted
glottis for nonobstruents, for which AP = Psub* The portion
of the chart corresponding to obstruent configurations is well
below the line AP/Psub = 1. The regions are based on an
assumed subglottal pressure of -8 cm H 20. The shapes of the
curves for w > 0. 5 mm are derived from theoretical analysis
s
of a two-mass model of the vocal cords (Ishizaka and
Matsudaira and Stevens ). For smaller values of w the curves
are estimated.
Two contours are drawn in Fig. IX-15: one represents the limiting conditions for
oscillation of the vocal cords when they are relatively slack (relatively small coupling
between upper and lower edges of the vocal cords in Fig. IX-14); the other represents
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the threshold of oscillation for relatively stiff vocal cords. When the values of pres-
sure drop AP and glottal opening w s lead to a point below one of these curves, then
vocal-cord oscillation for the stiffness condition identified by the curve does not
occur. When, on the other hand, the point represented by AP and ws lies above
the curve, there are oscillations of the vocal cords.
The horizontal line at AP = Psub corresponds to nonobstruent configurations,
i.e., vowels and glides. Three regions of glottal opening can be identified along
this line, centered on points A, B, and C. In the region surrounding point A, vocal-
cord vibration can occur whether the vocal cords are stiff or slack, and the stiff-
ness adjustment simply alters the frequency of vibration. Point B identifies a spread
glottal configuration for which vocal-cord vibration occurs only for the slack con-
dition but not for the stiff condition. When the vocal cords are stiff, there is a
rapid flow of air through the glottis with this glottal opening, giving rise to turbu-
lence noise or aspiration. For narrow glottal openings around point C, oscillations
also occur for slack vocal cords but not for stiff vocal cords. With a constricted
glottis and stiff vocal cords, there is essentially no airflow through the glottis and
hence no turbulence noise is generated. When the pressure across the glottis is
reduced below the subglottal pressure by forming a supraglottal constriction and
hence increasing the supraglottal pressure, there is a decreased range of glottal
openings for which vocal-cord vibration occurs. Thus, for example, if AP is
reduced below about 1/2 Psub' oscillations can no longer be initiated when the vocal
cords are stiff, regardless of the value of w .
2. Proposed Laryngeal Features
In view of the theoretical findings summarized schematically in Fig. IX-15, we
postulated that there are two independently controlled parameters of the model: the
stiffness of the vocal cords, and the static glottal opening. Manipulation of these
parameters to particular ranges of values gives rise to distinct and well-defined
acoustic consequences. These parameters are the outcome of adjustments of spe-
cific groups of intrinsic laryngeal muscles.
The four features listed below represent adjustments in these glottal parameters
that appear to be relevant to the classification of phonetic segments, and we pro-
pose that they should be included in the universal phonetic feature framework, to
replace such traditional features as voicing, aspiration, glottalization, vowel pitch,
and so forth.
1. Spread glottis. By rotation and displacement of the arytenoid cartilages, the
vocal cords can be displaced outward relative to their positions for normal voicing,
leaving a large glottal width. If the vocal-cord stiffness is sufficiently large, the
combination of wide glottis and stiff glottal walls inhibits vocal-cord vibration. On
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the other hand, slackening of the glottal walls by reducing the stiffness can lead to
a condition in which vocal-cord vibration will occur, even with a relatively wide
glottal opening.
2. Constricted glottis. Adduction of the arytenoid cartilages relative to the position
for normal voicing (accomplished, perhaps, by fibers of the thyroarytenoid muscles, as
well as by the lateral cricoarytenoid muscles) can cause the vocal cords to be pressed
together and the glottis to narrow or to close. When the vocal-cord stiffness is large in
this situation, vocal-cord vibration does not occur, and no air passes through the glottis.
For a lower coupling stiffness, vocal-cord vibration can be initiated, probably with rela-
tively narrow, peaked pulses.
3. Stiff vocal cords. Increasing the stiffness of the vocal cords makes the
coupling between upper and lower edges of the vocal cords larger. Stiffening of the vocal
cords affects glottal vibration, regardless of the size of the glottal aperture. When the
vocal cords are in a configuration for normal voicing (neither spread nor constricted),
the rate of vocal-cord vibrations increases with increasing stiffness. Increased stiff-
ness of the vocal cords will inhibit vocal-cord vibration under the following circum-
stances: (a) when an obstruction in the vocal tract causes the intraoral pressure to
build up and hence the pressure across the glottis to decrease; (b) when the glottis is
spread to cause a wide aperture or when it is constricted. Thus an increased stiffness
of the vocal cords tends to narrow the range of transglottal pressures and glottal aper-
tures over which vocal-cord vibration occurs.
4. Slack vocal cords. The vocal cords can be made more slack by decreasing the
coupling between upper and lower edges of the vocal cords. This is probably accom-
plished by a decrease in the tension of the vocal cords, as well as by a decreased stiff-
ness of the walls of the glottis. Slackness of the vocal cords can allow glottal vibration
to occur even with a spread or constricted glottis. When the vocal cords are slackened,
there is a decrease in the frequency of glottal vibration.
These four features are not completely independent. The combinations [+spread,
+constricted] and [+stiff, +slack], are, of course, logically and physiologically
excluded. The 4 features proposed thus yield 9 distinct phonetic categories of seg-
ments. We shall study separately the categories as they pertain to sonorants and
to obstruents because these two classes of segments are affected rather differently
by the proposed modification of the feature framework.
As with all muscular adjustments, the changes in vocal-cord configuration cor-
responding to initiation of one of these features do not occur instantaneously, but
extend over an interval of time that may be 100 ms or more. Thus evidence for
a gesture corresponding to a feature may be distributed over an appreciable dura-
tion of the sound wave.
We have listed the nine possible feature combinations in Table IX-5. Each column
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Table IX-5. Classification of obstruent, glide, and vowel features
in terms of proposed glottalized features.
1 2 3 4 5 6 7 8 9
h  h ?
obstruents b b p Pk b p 6 ?b p
glides w, y R h, W, Y - ?, ?w, ?y
creaky
vowels V voiceless breathy voice glottalized
vowels vowels vowels vowels
vowels
spread + + +
glottis
constricted + + +
glottis
stiff vocal +S- +-
cords
slack vocal +
cords
is identified in terms of a phonetic category for obstruents and sonorants. The sonor-
ants are further subdivided into glides and vowels. We now consider each of these
broad classes in detail.
3. Laryngeal Feature Combinations for Obstruents
In the first row of Table IX-5, we have identified the nine possible combinations
for labial stops. We note first that the features spread glottis and constricted glottis
produce a tri-partite division of the obstruents into plain [-spread glottis, -constricted
glottis], aspirated [+spread glottis, -constricted glottis], and glottalized [-spread
glottis, +constricted glottis]. There is little to be said about the fact that glottalized
consonants - ejectives and implosives - are produced with a constricted glottis. At
least since Catford's5 contribution this has been accepted as standard doctrine in
phonetics. We attribute aspiration to [+spread glottis] on the basis of the recent
findings of Kim 3 which appear to us wholly convincing and are in agreement with
our own investigations of glottal features. We may observe in this connection that
among aspirated stops we include not only the voiceless [ph] found, e. g., in modern
English as well as the voiced [b h ] of Hindi or Sinhalese, but also the moderately
aspirated (opposed to the fully aspirated), stop of Korean, symbolized here by [pk]
(see Kim ). Finally, the third class of obstruents that are neither aspirated nor
glottalized are naturally characterized as [-spread glottis, -constricted glottis].
The sounds in each of these three classes are further subdivided into 3 groups
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by means of the features stiff vocal cords and slack vocal cords. When the vocal
cords are [+stiff, -slack], Fig. IX-15 has shown that they will not vibrate when the
pressure across the glottis is reduced. This observation suggests that [+stiff, -slack]
is the appropriate feature assignment for the traditionally voiceless consonants. We
recognize 3 distinct obstruents of this type (cf. Table IX-5). The normal voiceless
unaspirated stop consonant [p] is identified by the combination of features in col-
umn 3. The glottis is neither constricted nor spread, and the vocal cords are stiff.
Evidence for this combination of features includes the cineradiographic observations
of Kim, 3 which have shown that the vocal-cord position remains more or less
unchanged for an intervocalic [p]; the almost immediate voicing onset following
release of this consonant in initial position (Lisker and Abramsonb); and the obser-
vation that this consonant, in common with other voiceless consonants, tends to
cause a rise in fundamental frequency of a preceding vowel (L. Maran and D. H.
Klatt7).
Evidence from the same sources indicates that the voiceless aspirated stop [ph]
(see column 6) has a spread glottis and delayed voice onset time in initial pre-
stressed position, and tends to increase the fundamental frequency of an adjacent
vowel (House and Fairbanks8), as the feature [+stiff] would suggest. The voice-
onset time for the voiceless aspirated stop is at least as great as the duration of
the formant transitions following the consonantal release, so that voicing is initiated
after the rapid spectrum change is completed (Klatt and Stevens ).
The third member of the class, the ejective or checked stop consonant [p ] is
represented by the combination of features in column 9 of Table IX-5. The com-
bination of constricted glottis and stiff vocal cords means that the glottis remains
tightly closed, without vibration, during the closure interval. There is no airway
between the trachea and the supraglottal space. In order to obtain sufficient acous-
tic energy at the instant of release of the supraglottal closure (the lips in the case
of the labial consonants under discussion here), pressure in the supraglottal cavities
is built up by decreasing the volume of these cavities during the closure interval.
This volume reduction appears to be accomplished by raising the larynx (and prob-
ably also by a contraction of the lumen of the lower pharynx), and produces a supra-
10
glottal pressure that is well in excess of the normal subglottal pressure. After
release of the supraglottal closure, there is a delay of 50-odd ms before the
adducting glottal musculature can be relaxed and the glottis can assume a configu-
ration appropriate for the onset of vocal-cord vibration. It is worth noting that ejec-
tive stops tend to have points of articulation that are more posterior, the palatal
and retroflex alveolar consonants being more common than labials (Greenberg ll).
This can, perhaps, be explained by the fact that it is easier to achieve a pressure
build-up in the supraglottal cavities by raising the larynx (less laryngeal displacement
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being required) if the initial cavity volume is smaller.
Vocal cords that are [-stiff] are capable of vibrating for smaller transglottal
pressures than are [+stiff] glottal cords, as Fig. IX-16 has shown. Vibrations are
further facilitated when the glottal cords are not only [-stiff], but also [+slack], and,
in fact, the traditional voiced obstruents are in the present framework represented
as [+slack, -stiff]. Among this class of obstruents we again find three distinct types.
For the (usually) voiced stop [b] represented in column 2 of Table IX-5 the vocal
cords are in a position that is neither spread nor constricted, with a glottal width
that is probably slightly greater than that for normal voicing due to the pressure
build-up in the glottis. If voicing is to continue throughout the closure interval,
some mechanism must prevent the supraglottal pressure from becoming too high,
i. e., keep the transglottal pressure sufficiently large. This condition is achieved
through a continuing increase in the volume of the supraglottal space (Perkelll2) -
presumably a muscular adjustment in the supraglottal walls in response to a pres-
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sure increase.
A voiced stop that contrasts with [b] in some languages is the aspirated con-
sonant [bh], identified in column 5 of Table IX-5. The features are the same as
those for [b] except that the glottis is [+spread] rather than [-spread]. For this
consonant there is some voicing during the closure interval, since presumably there
is an increase in the supraglottal volume to provide some glottal airflow, but this
voicing cannot continue for many periods before there is a build-up of supraglottal
pressure, since the airflow during breathy voicing is rather large. Thus the voicing
ceases during the latter part of the closure interval unless the adducting maneuver
is delayed until the end of this interval. Following the release, there is an interval
of aspiration, probably consisting of breathy voicing (as in the [I] of Table IX-5,
to be discussed below), before the vocal-cord configuration and stiffness return to
the normal condition appropriate for a vowel.
The third obstruent having the features [+slack, -stiff] is glottalized. Its fea-
ture configuration is given in column 8 of Table IX-5. In discussing obstruents of
this type, Greenberg11 writes: "As Ladefoged (1968) correctly indicates, there are
no less than three related phonetic possibilities: truly implosive sounds in which
the larynx is lowered and ingressive air follows the oral release, sounds with
laryngealized voicing, and preglottalized sounds." Ladefoged5 notes, however, that
he is not able "to distinguish consistently between voiced consonants with an accom-
panying glottal stop (preglottalized-KS/MH) and similar consonants marked by lar-
yngealization." As this distinction does not appear consistently in any language
known to us, we shall follow Ladefoged and distinguish only two types of nonejec-
tive obstruents: "voiced implosives, in which there is always a downward move-
ment of the glottis - and there may or may not be laryngealized voicing; and ...
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laryngealized consonants (as in Hausa) in which there is always a particular mode of
viration of the vocal cords - and there may or may not be a lowering of the larynx". 1 6
Ladefoged represents the former by the letter 6 and the latter by the digraph ?b,
a notational convention that we have followed here. The [+slack vocal cords] of [?b]
allow for vocal-cord vibration without the decrease in supraglottal pressure produced
by a lowering of the glottis. This sound differs, therefore, from the true implosive,
which is [-slack, -stiff] (column 7, Table IX-5) and is produced with an active
lowering of the larynx during the closure interval, probably accompanied by an enlarge-
ment of the pharyngeal width - gestures that increase the supraglottal cavity volume
and allow air to flow through the glottis to maintain voicing. Furthermore, the true
implosive [6] apparently does not cause a lowering of the tone of an adjacent vowel,
as would normally be expected for a voiced ([+slack]) consonant like [b] (Greenbergll),
since the vocal cords are not slack. Another difference is the laryngealized or
creaky voicing that apparently follows the release for [6], but not for [b]. In lan-
guages with true implosives, there appears to be a preference for more anterior
points of articulation, presumably because such positions result in a larger supra-
glottal cavity which in turn is capable of being more readily expanded in volume.10
The class of [-slack, -stiff] obstruents includes, in addition to the true implosive
[6] just discussed, the sounds labelled [bl] (column 1, Table IX-5) and [pk] (col-
umn 4). The [b 1], which probably represents what has sometimes been called a lax
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voiceless stop, appears in Danish, for example (Fischer-J0rgensen ), and may occur
in initial position for many speakers of English. The vocal cords are neither spread
nor constricted, and the [-slack, -stiff] configuration results in a cessation of vocal-
cord vibration, particularly if there is little or no expansion of the supraglottal
cavities during the closure interval.
The third stop consonant which is [-slack, -stiff] is the "partially aspirated" con-
sonant [pk] that has been described in Korean (Lisker and Abramson 6 and Kim 18).
The widening of the glottis for this stop consonant has been observed in anterior-
posterior cineradiographs by Kim,3 who notes that it is not as great as the abduc-
tion maneuver observed in a contrasting voiceless aspirated stop. Since the glottis
is abducted during the closure interval, there will be a brief interval of aspiration
following the release of the stop, but since voicing onset occurs more readily with
a [-stiff] configuration (i. e., voicing is initiated with a wider glottal opening) than
with a [+stiff] configuration, this interval preceding the onset of voicing should be
somewhat shorter than that which follows a voiceless unaspirated stop. Measure-
ments of voice-onset time support this conclusion (Lisker and Abramson,6 Kim,18
and Han and Weitzmanl9). Kim 18 has observed that the fundamental frequency in
the vowel following release of a stop tends to be higher for the voiceless stops [p]
and [ph] than for the partially aspirated [Pk]. This finding supports the classification
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of the first two of these stops as [+stiff] and the last as [-stiff], since vocal-cord
stiffness has an influence on the frequency of vibration. The Korean [Pk] is voice-
less during the closure interval in initial position, indicating that there is little or
no expansion of the supraglottal cavity volume. Such an expansion probably occurs
when the stop consonant is in intervocalic position, since voicing continues during
the closure interval in this phonetic environment. (Alternatively, the vocal cords
are adjusted to be [+slack] in intervocalic position, in order to maximize the con-
trast with [p] and [ph].)
Various combinations of values of the four proposed features can be used to
classify fricatives, as well as stop consonants. As in the case of stops, there are
3 voiceless fricatives with the feature [+stiff]. These are the aspirated fricative
[sh], which occurs, for example, in Korean or Burmese, the "normal" fricative
[s], and the ejective [s ? ] (in Hausa). The ejective is produced with a closed glottis,
air being expelled through the constriction by raising the glottis and narrowing the
pharynx, thereby creating an increased pressure in the mouth. Voiced fricatives
are generated with vocal-cord vibration, as well as turbulence noise at a supraglot-
tal constriction, the intraoral pressure being maintained at a value less than the
subglottal pressure. Thus implosive fricatives with a reduced intraoral pressure,
with the features [+constricted glottis, -stiff], are not possible. The combination
[-constricted glottis, +slack] is, however, a possibility, and gives rise to the voiced
fricative [z]. To our knowledge, there are no languages that contrast an unaspirated
and an aspirated voiced fricative, i.e., columns 2 and 5 in Table IX-5. The fea-
ture combinations in columns 1 and 4 for fricatives are apparently either not utilized
or, what is more likely, do not give acoustic outputs that are significantly different
from those represented by columns 3 and 6.
4. Laryngeal Feature Combinations for Nonobstruents
The second and third rows in Table IX-5 represent the different categories of
nonobstruent nonconsonantal sounds that are created with the help of the four fea-
tures under discussion. Among these nonobstruents we distinguish the syllabic
vowels from the nonsyllabic glides as indicated. The four laryngeal features that
are proposed subcategorize the vowels, as well as the glides, in much the same
fashion as they have been seen to subcategorize the obstruents. As in the case of
the obstruents, the two features spread glottis and constricted glottis define 3 classes
of sounds that will be designated here as plain, aspirated, and glottal. The plain
sounds which are characterized as [-constricted, -spread] include the familiar types
of vowels and glides. The aspirated sounds are produced with a glottis that is
[-constricted, +spread]; these include voiceless, as well as "breathy voice," vowels
and the various types of aspirated glides. The glottal sounds are produced with a
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glottis that is [+constricted, -spread]. We encounter here various kinds of laryn-
gealized vowels ("creaky voice"), as well as glottalized glides. Each of these three
classes is further subdivided into 3 sets by the features stiff vocal cords and slack
vocal cords. We recall that [+stiff vocal cords] made voicing impossible for the
obstruents, whereas [+slack vocal cords] facilitated voicing. In the case of non-
obstruents, voicing is impossible when vocal cords are stiff and the glottis is either
constricted or spread, but vocal-cord vibration can occur for the combination [+stiff]
and [-constricted, -spread]. All nonobstruent combinations with the feature [+slack
vocal cords] are voiced, as are the corresponding obstruents.
As the glides resemble in many ways the obstruents, we shall begin the discus-
sion with them. We shall assume that in the case of the aspirated ([+spread glottis])
and the glottalized ([-constricted glottis]) glides, the unmarked situation calls for
[+stiff vocal cords] (columns 6 and 9 in Table IX-5) because the unmarked glides
([h] and [?]) are both voiceless. Occurrence of these features in combination with
the feature [+high] gives the voiceless glides (symbolized by Sapir as [W, Y]) found,
for instance, in Southern Paiute and other American languages, and the glottalized
glides [?w, ?y] of Nootka, for example, cf. Sapir20). These glides with the fea-
ture [+stiff vocal cords] contrast with their [+slack vocal cords] congeners (col-
umns 5 and 8 in Table IX-5) much like voiceless and voiced obstruents. Thus, we
have both a voiceless [h] and a voiced [G ], the latter occurring, for example, in
some dialects of Arabic, and in Bengali. The parallel contrast between the voice-
less [?] and the voiced [-?-] glottal stop appears to be attested in Jingpho (personal
communication from LaRaw Maran, and see also below). For plain glides, the neu-
tral configuration is [-stiff vocal cords, -slack vocal cords], as in column 1 of
Table IX-5.
The various classes of glides are summarized in Table IX-6. It is noted that
the aspirated and glottalized glides are subdivided into two instead of the logically
possible three classes. Whether this reflects a shortcoming in our framework or
whether it is merely due to ignorance on our part about what varieties of glides
are to be found in the languages of the world cannot be established at this point.
This brings us to the last class, the vowels. Following a suggestion made to
us by LaRaw Maran, we propose that in the plain vowels, [+stiff vocal cords] is
the articulatory correlate of high pitch, 2 1 whereas [+slack vocal cords] is the articu-
latory correlate of low pitch. Neutral pitch for the vowels is produced by the con-
figuration [-slack, -stiff]. We observe that these feature assignments are compatible
with the well-known fact that voiceless - i. e., [+stiff] - obstruents cause an upward
shift in pitch in the adjacent vowel, whereas voiced - i. e., [+slack] - obstruents
cause a downward shift in pitch. Evidently the gesture of stiffening or slackening
the vocal cords is relatively sluggish (possible requiring roughly 100 ms), and hence
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Table IX-6. Classification of glides according to the
four proposed laryngeal features.
Stiffness of Vocal Cords
+stiff -stiff -stiff
Feature 
-slack 
-slack +slack
+spread glottis h, W, Y
-constricted glottis (voiceless) (voiced)
(aspirated)
-spread glottis
-constricted glottis w, y
(plain)
-spread glottis ?, ?w, ?y 
-
+constricted glottis (voiceless) (voiced)
(glottalized)
has an influence on the fundamental frequency over an appreciable time interval.
The effect of the obstruents on the pitch of the adjacent vowel has been studied
in considerable detail in connection with the evolution of the tonal systems of the
languages of East Asia (cf. Haudricourt 2 2 and L. Maran, personal communication).
It is in one of these languages - Jingpho - that we find two types of glottal stop,
the [+stiff] [?] and the [+slack] [?-], as noted above. The former parallels the
voiceless obstruents in producing a rise in the pitch of the preceding vowel, whereas
the latter, like voiced obstruents, produces a drop in pitch. Informal measurements
on one informant (LaRaw Maran) give the following results. The numbers repre-
sent the change in fundamental frequency (in Hz) from the central portion of the
vowel to the end of the vowel.
kat 125 - 155 ka? 170 di? 140 - 160
kad 110 - 85 ka - 110 -75 di - 100 - 90
These data are especially noteworthy, as in the more familiar languages the glottal
stop causes only a rise in pitch, indicating that it is [+stiff].
The features stiff and slack produce somewhat different results when superim-
posed on the other classes of vowels. Among the aspirated vowels we distinguish
those that are voiceless (whispered) from those that are produced with "breathy
voice" (columns 4 and 5 of Table IX-5). The former have [-slack vocal cords],
whereas the latter have [+slack vocal cords]. Voiceless vowels 2 3 are found in a
variety of languages of North America, e. g., Comanche (Canonge 25), Acoma (Miller 6 )
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and Southern Paiute (Sapir 27); vowels with breathy voice occur in some of the lan-
guages of South-East Asia, e.g., Meo and Kuy (Smalley28). We do not possess
evidence for a third category of "aspirated" vowels (column 6), and we assume the
"aspiratedt" vowels that are [-slack] are also [-stiff].
Among the glottalized or the laryngealized ([+constricted glottis]) vowels there
again seem to exist only two of the three logically possible categories, identified
as columns 8 and 9 in Table IX-5. These are, on the one hand, the vowels pro-
nounced with "creaky voice" and, on the other hand, the glottalized vowels of Viet-
namese, Nez Perce and Acoma. We propose to characterize the former as [+slack,
-stiff] and the latter as [-slack, +stiff].
Among the glottal vowels we propose to include also the Danish stAd. In terms
of the framework sketched here, the stod is produced with a constricted glottis. Pre-
sumably near the onset of the vowel, the vocal cords are [+stiff], since the pitch
is high (Lauritsen29). A fixed time later the vocal cords become [-stiff] and the
glottis apparently changes to [-constricted]. 3 0 This change of the vocal cords from
[+stiff] to [-stiff] accounts readily for the fact that the cognate of the stod in Swedish
is the so-called "first tone," which at least in some dialects (e.g., Stockholm) con-
sists in a high tone followed by a low tone, i. e., [+stiff vocal cords] followed by
[+slack vocal cords] (cf. Kacnel'son 3 4 and Ohman 3 1 ).
Phenomena quite similar to the Danish st0d have been reported in various quite
unrelated languages. For instance, the so-called "broken tone" of the Hanoi dialect
of Vietnamese greatly resembles the stod (cf. Haudricourt 3 3 and Han35). The Keresan
languages of North America also possess sounds of this type, as has been noted
by I. Davis: "The Keresan sound system ... involves certain complexities not gen-
erally characteristic of American Indian languages. For example, the system of
tonal accents, if not unique, is at least of a type not often recognized. Although
the contrast between a level pitch and a falling pitch on stressed syllables is remin-
iscent of Swedish, the Acoma system is more complex. In addition to level and
falling accent, it involves a third type which Miller terms "glottal accent." This
is characterized by falling pitch followed by a light glottal catch and a subsequent
rearticulation of the vowel. It might be noted that the Acoma glottal accent apparently
represents a merging of two types of accent, glottal and breathy, observed in some
Eastern Korean dialects ... " (Davis 3 6 ).
Table IX-5 suggests that the nonsyllabic glides are characterized either by the
feature [+high] or by a + on two of the laryngeal features, or both. The kind of
articulatory gesture and acoustic attribute that distinguishes syllabic from nonsyl-
labic segments must await further study of the nature of the feature syllabic. In
the acoustic domain, a [+syllabic] segment presumably gives rise to a peak in intens-
ity or in loudness. In the articulatory domain, segments that are nonsyllabic may
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be distinguished from their syllabic cognates by having, in some cases, a more
extreme gesture. In the case of the laryngeal feature, it is possible that for non-
syllabic segments the false vocal cords form a partial or complete constriction in
addition to that formed by the true vocal cords, whereas this is not the case for
syllables. Some evidence for the involvement of the false vocal cords in glottal
stops has been reported by Lindquist, 3 7 but further experimental data on this point
are clearly needed.
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